Abstract Dodecafluoropentane emulsion (DDFPe) in 250 nm nanodroplets seems to swell modestly to accept and carry large amounts of oxygen in the body at >29°C.
Introduction
Stroke is the fourth most common cause of death in the USA [1] and ischemic stroke affects 795,000 patients annually, costing $73.7 billion [2] . Few patients receive therapy and current best therapy improves outcomes to the point of independent lives in only 40 % of those [3] . The treatment of ischemic stroke is currently focused on prompt revascularization and restoration of oxygenated blood flow. Due to time constraints and diagnostic requirements, therapy reaches fewer than 4 % of patients and increases the urgency for the development of new therapies [2] . A neuroprotectant that extends the time window until safe thrombolytic or intraarterial interventional therapy can be applied would have a profound impact, but no neuroprotectant has yet progressed successfully from animal models into human clinical therapy [4] [5] [6] . An effective oxygen transport substance may have therapeutic potential in diverse situations involving blood loss, hypoxia, and ischemic stroke, but this approach using other drugs including various liquid perfluorocarbons and other techniques has not yet proven clinically applicable. Dodecafluoropentane is a perfluorocarbon (PFC) with a pentane base. In the current formulation, it exists as an emulsion (DDFPe) of nanodroplets, 250 to 300 nm in size when below 29°C. Although DDFP has a boiling point of 29°C, it apparently does not shift to microbubble form in the body at 37°C due to intravascular pressure. Rather, the particle size expands only slightly allowing facilitation of respiratory gas dissolution. This mechanism transports high levels of oxygen and other gasses, much higher than other liquid phase PFCs with much higher boiling points [7] . The exceptionally small particle size may allow oxygen delivery into tissues unreachable by erythrocytes. This includes some flow even through occluded major blood vessels by transportation through flaws in clot, through collateral vessels, through microcirculation, and through diffusion gradients into hypoxic tissue. A previous study using a rabbit model of permanent embolic occlusion of the middle cerebral artery showed DDFPe decreased infarct volumes at 4 h when administration was delayed up to 3 h post stroke and therapy was successful for 7 h when begun 1 h following embolization [8, 9] . In this study, we assessed DDFPe dose response and efficacy in reducing infarct volume at 7 and 24 h postembolization without lysis of arterial obstructions and also investigated basic blood pharmacokinetics.
Methods
All animal procedures were approved by the Institutional Animal Care and Use Committee.
DDFPe effect on infarct volume These methods were described previously [8, 10] . New Zealand White rabbits (N=56; 5.1±0.10 kg) received cerebral angiography from a femoral artery approach. Embolic spheres (700-900 μm) were injected into the internal carotid artery occluding the middle cerebral and/or anterior cerebral arteries. Animals with other occlusions, 10 % of cases, were discarded. In all treated groups, intravenous DDFPe (NuvOx Pharma, LLC, Tucson, AZ) dosing over 1-2 min with a 2 %w/v emulsion began at 1 h post-embolization via a cannula placed in an ear vein and was repeated every 90 min until sacrifice. Rabbits were sacrificed at either 7 or 24 h post-embolization. At 7 h, the groups were: (1) control (embolized without treatment, N=6), or treatment with DDFPe: (2) 0.1 ml/kg (N=7), (3) 0.3 ml/kg (N=9), and (4) 0.6 ml/kg (N=8). At 24 h the groups were: (5) control (N=16), and treatment with DDFPe: (6) 0.1 ml/kg (N=10). Following euthanasia, the brain was harvested, immediately chilled in saline, and then sliced coronally at 4.0-mm intervals. Brain sections were placed in 1 % 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich; St. Louis, MO) for 45 min at 37°C, fixed in 10 % formalin, and digitally photographed (Fig. 1 ). Brain size and areas of infarction were measured using digital analysis (NIH ImageJ) by a technician blinded to treatment groups. Infarct volume was calculated as a percent of total brain volume.
Pharmacokinetic study In alert New Zealand White rabbits (5.1±0.5 kg; N=8), cannulae were placed in a vein of one ear and in an artery of the other ear. After intravenous injection of DDFPe (0.6 ml/kg in a 2 %w/v emulsion) arterial blood samples were taken over a period of 4 to 7 h. The dose of DDFPe was repeated every 90 min in four animals. Samples were stored at −20°C until they were analyzed for DDFP content by a headspace gas chromatograph-mass spectrometer (Varian TSQ).
Statistics Because infarct volumes were not normally distributed, ranks of infarct volume were analyzed with PROC GLM of SAS software (Kruskal-Wallis equivalent). Blood levels of DDFP were analyzed for exponential curve fit and exponential decay time constant using KaleidaGraph software v4.01 (2005) . Values are given as mean±standard error.
Results
Mean percent infarct volumes (%IV) decreased greatly for all DDFPe-treated groups compared with controls ( Table 1 , Fig. 1 ). For the 7 h study, the %IVs for the DDFPe groups were significantly different from the control group at p values less than 0.009, but were not different from each other. The average %IV for the 0.1, 0.3, and 0.6 ml/kg dose groups was 18.8 % of the untreated control group. For the 24 h study using 0.1 ml/kg of DDFPe, the treated group was significantly different from the control group (p=0.03) and had an average %IV of 15.0 % of control.
DDFP blood levels were analyzed in animals receiving a single DDFPe dose of 0.6 ml/kg. Examination of the falling phase of blood levels of DDFP yielded peak levels of 1.97 to 3.34 μL/ml with a single exponential decay. The calculated mean half-life was 1.45±0.17 min. For curve fit, the mean R value for the N=4 animals was 0.958 (Fig. 2) . Mean blood clearance was 78.5±24.9 ml/min/kg. Blood levels reached non-detectable levels within 30 min. Injections at 90 min intervals in four additional animals showed similar peaks and half-lives. After each dose of 0.6 ml/kg, blood levels returned to baseline and no sign of accumulation was seen with up to five doses.
Discussion
Several perfluorocarbons have been extensively tested in the search for neuroprotectants and blood substitutes [11, 12] . Although animal studies have been very promising, no neuroprotectants have been successful in human trials [4] [5] [6] . The initial application of DDFPe as an ultrasound contrast agent was well tolerated in single doses in >2,000 humans for that purpose [9] before development stopped for economic reasons [13] . Only recently has the potential therapeutic aspect of this emulsion been investigated [8, 14, 15] . A preliminary study showed the potential as a neuroprotective agent with complete and permanent occlusion of cerebral arteries in rabbits and up to 3 h of delay in therapy. Over 80 % of infarct volume was protected for up to 7 h [8] and duration was extended to 24 h in this study. The minimum required dose seems to be less than 1 % of other liquid perfluorocarbons but is not yet clearly defined. In the present study, we tested decreasing doses of DDFPe for efficacy and described its basic pharmacokinetics.
Repeated doses show that protection can be maintained for a full 24 h using the smallest dose (0.1 ml/kg) every 90 min. The potential clinical applications are extremely broad and may change the basic paradigm for stroke, in both workup and therapy. A dose could be given in the field, provide a period of protection during transportation, be repeated at 90 min and provide a continuing period of protection during clinical workup in the hospital. This time advantage, a potential 3 h bonus with two injections in a most critical phase, could "pause the clock" on the "Time is Brain" concept at the time of first administration. Since expected good therapeutic results fall quickly with the passage of time, DDFPe as a neuroprotectant could dramatically increase the expected good outcomes of thrombolysis or thrombectomy. Two-or threefold improvement in infarct reduction may be possible for the patient who is finally ready to get therapy several hours after receiving DDFPe at 1 h. Multiple additional doses appear to further expand the "pause" and the limits are not yet defined. Bridging the first few hours following stroke onset may be the critical portion of therapy. If so, we speculate that it can possibly be a complete therapy if collateral flow can be recruited to supply the ischemic areas. Similar applications in cases of blood loss, hypoxia, or trauma may also be efficacious.
The small doses demonstrated here apparently avoid the toxicity of larger doses suggested in an animal study where pulmonary edema was encountered in dogs receiving rapid repeat intravenous injections [16] . Although single doses and double doses separated by 24 h appeared safe in over 2,000 human applications [13, 17] , toxicity of more frequently administered repeated doses has not yet been defined. In addition, DDFPe can be damaged by uncontrolled fluctuations in storage conditions (i.e., hot/cold cycles) prior to use. This appears to enlarge droplet size. Use of this damaged form Fig. 2 DDFP clearance from blood as a function of time in a representative rabbit. The DDFPe dose was 0.6 ml/kg of a 2 %w/v emulsified preparation. Blood levels of DDFP were determined using a headspace gas chromatograph-mass spectrometer (Varian TSQ). Half-life in blood for this rabbit was 1.68 min. R value was 0.994 may have lead to pulmonary edema and severe toxicity in rabbits (unpublished data). The drug must be maintained at moderate room temperatures in storage but need not be refrigerated.
A mean half-life value of 1.45±0.17 min for DDFP in blood after a single 0.6 ml/kg dose agrees with a previous study in humans in which blood data showed a short half-life of 2.2±1.2 min [18] . The higher blood clearance rate of 78.5±24.9 ml/min/kg in rabbits compared to 30.1 to 48.6-ml/min/kg in humans may in part be due to the higher heart and respiratory rates and faster circulation time in rabbits. In the human study, 99 % of DDFP in a single dose was recovered from expired air within 2 h [18] . This short halflife is not easily reconciled with the supportive effect of DDFPe lasting 90 to 120 min when similar doses were given for severe blood loss in swine [15] and rats [14] . Thus, the duration of effect of DDFPe greatly exceeds the duration of measurable blood levels. Analysis of levels of DDFP in rabbit organs is currently being done. One possibility is that DDFPe diffuses into organs and tissues at low levels. Thus, low levels of DDFPe would be available for time periods much longer than five half-lives as measured in blood. Another possibility is that molecules of DDFP assemble in series along blood vessels of the penumbra and pass along oxygen in a daisy-chain manner. The latter would require very low levels of DDFP. The effective level of DDFP would need to be rather low because in multiple dose studies in which DDFPe was given at 90 min intervals, the blood level of DDFP appeared to return to the baseline level less than 30 min after each dose. At present, the lowest effective dose of DDFPe is unknown but is under investigation.
Limitations
Each dose tested in this study proved effective at reducing infarct volume; therefore, the minimum required dose is not yet defined. Alternative dose schedules or infusion schedules to reach steady state also require better understanding of the pharmacokinetics for appropriate planning. The real limits on duration of effectiveness of a single dose will require additional study, although the previous swine studies showed continued effectiveness of between 90 and 120 min when given as an infusion over 30 min [14] . The lowest effective dose may be near or below the detection level for the analysis technique used.
Conclusion
Intravenous DDFPe protects brain from ischemic injury and significantly decreases infarct volumes in ischemic stroke. The lowest effective dose and maximum length of effective therapy have not yet been defined. Although DDFPe has a short half-life in blood, 1.45±0.17 min, the effect of DDFPe is much longer, > 90 min, which suggests the possibility of two or more compartments in the model. Rapid development and testing are warranted.
